A magnetostratigraphy for~60 m of Koobi Fora Formation sediment in Area 104 was derived from 46 oriented samples that produced well-resolved characteristic magnetizations from progressive thermal demagnetization. Approximately 59 m below the Morte Tuff, previously dated to~1.51 Ma (millions of years ago), the Olduvai-Matuyama boundary (~1.78 Ma) was found to be at the level of marker bed A2dinconsistent with the Area 102 type section and thus contrary to fossil dating schemes that utilize temporal equivalence between A2 [104] and A2 [102]. The magnetostratigraphic data, coupled with the Morte Tuff, provide a means to interpolate new ages for marker beds A2 [104] and the White Tuff, as well as multiple Area 104 hominin fossils. Noteworthy is the new date of~1.63 Ma for KNM-ER 3733, which now implicates KNM-ER 2598 as the sole early African Homo erectus fossil demonstrably older than Dmanisi and Java Homo specimens. Re-dating KNM-ER 3733 creates a~300-kyr gap at 1.9 to 1.6 Ma in the African fossil record of H. erectus, which might be partially spanned by hand axes recently dated at 1.76 Ma, if the Acheulian is indeed proprietary to this species.
Introduction
Fossil evidence for the origins of the genus Homo is incompletely understood. Part of this issue stems from the inability, in many cases, to directly date the fossils or sediments from which they derive and the need to refine the chronology of East African rift valley geological sequences. Such complications have contributed to debates over the evolutionary relationships, number of species, and paleobiology for Early Pleistocene Homo (Wood, 1991; Ant on, 2003 Ant on, , 2012 Spoor et al., 2007; Wood, 2011; Wood and Baker, 2011; Leakey et al., 2012; Lordkipanidze et al., 2013) . Important to these debates are the sedimentary successions of northeast Turkana Basin in Kenya (Fig. 1) especially from the PliocenePleistocene Koobi Fora Formation (Fig. 2) . Fossils recovered from this formation represent some of the earliest known evidence for the genus Homo (Leakey and Leakey, 1978) .
Collection Area 104 of the Koobi Fora region has been exceptional for providing fossil evidence of hominin evolution, as many fossil specimens from multiple taxa have been recovered from here (Leakey and Leakey, 1978; Feibel et al., 1989; Wood, 1991) . An important stratigraphic level in the central portion of Area 104 is the A2 marker bed. This has been used as a key bed to correlate the sedimentary successions and infer dates for many hominin fossils from both Area 104 and the Koobi Fora region (Tindall, 1985; Feibel et al., 1989; Brown et al., 2006; Gathogo and Brown, 2006; Lepre and Kent, 2010; McDougall et al., 2012) . A2 originally was defined from deposits in Area 102 Feibel, 1986, 1991) . However, as discussed in this paper, we do not believe that this bed is the same stratigraphic unit in Area 104 as the unit defined in Area 102, and for this reason we refer to the beds as A2 [104] and A2 [102] , respectively. In both areas the bed is an arenaceous bioclastic carbonate principally distinguished by a multitude of Lockeia (clam burrows in life position) trace fossils (Tindall, 1985; Feibel et al., 1989) . Approximately 16 hominin fossils have been located from outcrop levels that are situated near A2 [104] (Tindall, 1985; Feibel et al., 1989) , notably hominin fossil KNM-ER 3733, which was discovered in situ within sediments of central Area 104 (Leakey and Leakey, 1978) .
KNM-ER 3733, a rare example of a nearly complete cranium, is regarded as one of the geologically oldest representative fossils of early African Homo erectus (Leakey and Leakey, 1978; Wood, 1991; Ant on, 2003 Ant on, , 2012 Spoor et al., 2007; Wood and Baker, 2011; Leakey et al., 2012) . However, the geological age of KNM-ER 3733 has been a subject of debate because of changing interpretations over the stratigraphy of the KBS Member (Fig. 3) . Using data reported by Hillhouse et al. (1977 Hillhouse et al. ( , 1986 , Feibel et al. (1989) and McDougall et al. (1992) placed the top of the Olduvai Subchron in the type section of the KBS Member from collection Area 102 at approximately 60 m above the stratigraphic level of the KBS Tuff and 7 m below A2 [102] . Feibel et al. (1989) used the position of the top of the Olduvai Subchron to estimate an age of~1.78 Ma (millions of years ago) for A2 in the entire Koobi Fora Formation, and reported that the stratigraphic level of KNM-ER 3733 was 6 m above A2 [104] . Accordingly, the geological age of KNM-ER 3733, and other hominin fossils with stratigraphic positions near A2 in the entire Koobi Fora Formation, was determined to be~1.78 Ma (Feibel et al., 1989) Fig. 3 ). Gathogo and Brown (2006) stated that the White Tuff, with an estimated (interpolated) age of 1.63 Ma , is the nearest unequivocally identified marker level in Area 104 that is near (<300 m geographically and~8 m above Brown and Feibel (1986). stratigraphically) the KNM-ER 3733 site, and thus the fossil could be~130 kyr younger (Panel B, Fig. 3 ) than the date of~1.78 Ma interpreted by Feibel et al. (1989) . McDougall et al. (2012) linearly interpolated the age of the White Tuff in Area 104 at~1.60 Ma, using Lepre and Kent's (2010) age of 1.71 Ma for A2 [102] and the radioisotopic date of 1.510 ± 0.016 Ma (all formal uncertainties quoted at 1s unless otherwise noted) for the Morte Tuff (Panel C, Fig. 3 ). In Area 104 McDougall et al. (2012) located the KNM-ER 3733 hominin site some 230 m to the NW of a tuff designated by Tindall (1985) as T9b, which Brown and Feibel (1986) and Brown et al. (2006) correlated with the White Tuff. McDougall et al. (2012) interpreted that the excavation site for KNM-ER 3733 is about 1.5 m below the base of the White Tuff and suggested an age of 1.65 Ma for the fossil (Panel C in Fig. 3 ).
To better assess the dates of the hominin fossils and the correlations with the type section of the KBS Member in Area 102, we provide a new magnetostratigraphy for Area 104. This allows us to place the hominin fossils that had been found there within a more direct chronologic framework and to discuss some implications of the refined stratigraphy.
Materials and methods
Koobi Fora Formation sediments in central Area 104 are exposed along a series of sparsely vegetated badlands. Gullies provide most of the sedimentary exposure, as north/northwest trending ephemeral streams erode the landscape. A majority of the sampled outcrops and hominin fossils derive from the western part, whereas the KNM-ER 3733 site is in the eastern part of central Area 104 (Fig. 4) .
Outcrops largely consist of successions of inter-layered mudstone and sandstone, with minor occurrences of tuff, altered tuff (bentonite), conglomerate, and arenaceous bioclastic carbonates that consist of stromatolites, gastropods, and mollusks. These deposits accumulated along the margins of a large paleo-lake (Lepre, 2014) , for which the depositional environments have been previously described and interpreted (Lepre et al., 2007) . A majority of the Area 104 section has been allocated to the upper Burgi, KBS, and Okote Members of the Koobi Fora Formation (Figs. 2 and 3) , which is based on the occurrence of the volcaniclastic markers named the Lorenyang Tuff, White Tuff, and Morte Tuff (Tindall, 1985; Brown and Feibel, 1986; Brown et al., 2006; McDougall et al., 2012) . Of these, the Morte Tuff is the only one radiometrically dated ( 40 Ar/ 39 Ar) and has an eruptive age of 1.510 ± 0.016 Ma .
At some locations, faulting is evident from the tilting of beds with dip slopes in the range of 3e10 . Most faults are normal as mapped by Tindall (1985) . Of importance are the NE/SW trending faults that cut across the central part of the Area 104 study area (Fig. 4) . Faulting has uplifted lower/older strata on the western side and down-dropped upper/younger strata on the eastern side.
Marker beds and measured sections were investigated according to the stratigraphy and maps of Tindall (1985) in Area 104. Finegrained strata were targeted for sample collection, beginning at the Lorenyang Tuff and working upward through the~57m of section to the level of the White Tuff (Fig. 3 all panels) . A total of 55 samples were collected as hand-sized blocks on which azimuth and dips were scribed on planed surfaces before removal from the outcrop. The cement pillar marking the KNM-ER 3733 fossil site was still in place as of June 2011. Four samples (KNM-ER3733a, b, c and d) were collected from a mudstone lens interbedded with sands of the fossil excavation site. Hand-cut blocks were reduced to~10 cc cubic specimens for paleomagnetic experiments. The natural remanent magnetization (NRM) was measured for all specimens using the 2G Model 760 DC-SQUID rock magnetometer in the shielded room of the Paleomagnetics Laboratory of Lamont-Doherty Earth Observatory (Columbia University, NY, U.S.A.). Progressive thermal demagnetization (TD) was applied to specimens for identifying magnetization components. The TD protocol involved five steps at 100 C intervals (100e500 C) and three steps at 25 C intervals (525e575 C). Results of the demagnetization experiments are listed in Table 1 . Magnetic susceptibility values were determined with a Bartington MS2B instrument for each specimen initially and after each TD step to monitor any magneto-chemical alteration. To help constrain the bulk magnetic mineralogy of the sediments, back-field isothermal remanent magnetization (IRM) curves were generated for chips from five undemagnetized specimens by giving them an IRM in 2.5 T and then in progressively higher direct fields to 2.5 T in the opposite direction.
Results and discussion

Results of the magnetic measurements
Measured specimens were strongly magnetized, with an average NRM of 130 mA/m (range from about 2 to 750 mA/m). The main carrier of the magnetization was most probably magnetite, given that the NRM was typically reduced to less than 10% by 575 C, which is near the Curie point of this mineral. Magnetite of similar, albeit varying, concentrations was also indicated by the back-field IRM curves, which showed remanent coercivities of less than 500 mT and an approach to saturation IRM by~0.2 T, although small gradual increases in IRM to much higher fields suggested some contributions from a higher coercivity mineral like hematite (Fig. 5) .
For the 46 accepted specimens a stable component interpreted as the characteristic remanent magnetization (ChRM) was identified from a linear demagnetization trajectory that trends toward the origin of orthogonal plots after the removal of viscous components by around 300 C (Fig. 6 ). These had maximum angular deviation (MAD) values of less than 15 , calculated from principal component analyses (e.g., Kirschvink, 1980) of data from TD steps 400 C, 500 C, 525 C, and 550 C (Table 1 ). This temperature range was selected to represent the ChRM because it offered the most number of steps that produced the fewest number of specimens rejected for large MAD values (for example, nine rejects as compared to 17 rejects with TD steps of 500 C, 525 C, 550 C, 575 C, and 12 rejects with TD steps of 500 C, 525 C, 550 C).
The mean ChRM directions for the 46 accepted samples separated into northerly and southerly groups (Fig. 7 ). Northerly and shallow (normal polarity) directions had a mean direction of 
These data passed a reversal test, classified as Rb (observed gamma ¼ 5.1 , critical gamma ¼ 12.9 ) according to the criteria of McFadden and McElhinny (1990) . After inverting the directions to common (normal) polarity, the overall mean direction was D ¼ 359.5 I ¼ 5.4 (k ¼ 21.5, alpha95 ¼ 4.6 ), which was only marginally (but not significantly) shallower than the expected geocentric axial dipole field for the locality (D ¼ 0 I ¼ 8 ).
Magnetostratigraphic interpretations
Virtual geomagnetic pole (VGP) latitudes derived from sample ChRM directions plotted against stratigraphic thickness revealed two polarity intervals between and inclusive of the White Tuff and Lorenyang Tuff (Fig. 8 and Table 1 ). The lower~20 m of section from below the base of A2 [104] down to and including the Lorenyang Tuff was characterized by positive VGP latitudes (shallow and northerly ChRM directions), which reflect an interval of normal polarity. The overlying~40 m interval from above A2 [104] up to and including the White Tuff was characterized by negative VGP latitudes ( Fig. 8 and Table 1 ) that signify reverse polarity (shallow and southerly ChRM directions) (Fig. 6) .
The radioisotopic date for the Morte Tuff of 1.510 ± 0.016 Ma (McDougall and Brown, 2006) provides a key constraint for correlation of the Area 104 magnetostratigraphy to the Geomagnetic Polarity Time Scale (Fig. 8) : the lower~20 m of normal polarity most probably corresponds to the younger portion of the Olduvai Subchron (C2n) and the upper~40 m of reverse polarity with the succeeding portion of the Matuyama Chron (C1r.2r).
Previous work in the northwest Turkana Basin (Lepre et al., 2011) found a more structured character for the Olduvai to Matuyama transition, which had also been observed in Area 102 of Koobi Fora (Lepre and Kent, 2010) and several other highresolution records (e.g., Ninkovich et al., 1966; Clement and Kent, 1987; Heller et al., 1991; Tric et al., 1991; Holt and Kirschvink, 1995; Kidane et al., 2003) . In fact, the magnetostratigraphy of the former Global Boundary Stratotype Section and Point for the Pliocene-Pleistocene boundary in outcrops of marine sapropel sequences from Vrica, Italy (Tauxe et al., 1983; Zijderveld et al., 1991) has been depicted in some astronomically tuned polarity time scales to include a~30-kyr interval of indeterminate polarity at the termination of the Olduvai (see Fig. 2 in Lourens et al., 2004) .
A more structured character of the Olduvai to Matuyama transition also appears to be recorded by Area 104 sediments within a 6-m interval associated with the reversal boundary (Fig. 8) . This was inferred from the data of five specimens (104-53, -55, -56, -57, -58) categorized as poorly resolved because of MAD values >15 .
Stepwise thermal demagnetization of these specimens revealed the Tindall (1985) . Note GPS coordinates and placement of hominin fossil sites. Transects of examined sections after Tindall (1985) and reinvestigated during 2011 fieldwork.
usual normal polarity overprint to 400 C, which in these samples masked an ill-defined and weakly developed component at 400-575 C. The high unblocking temperature component might be indicative of a reverse (e.g., specimen 104-53 in Figs. 6 and 8) or normal (e.g., specimen 104-58 in Figs. 6 and 8) polarity direction. Accordingly, we placed the Olduvai-Matuyama reversal boundary at~23 m, midway between stratigraphic positions of the uppermost nominally normal, albeit poorly, resolved specimen (i.e., 104-58) and the lowermost, well-resolved, reverse specimen (i.e., 104-1).
Age model for Area 104
As initially defined (Brown and Feibel, 1986) , lithostratigraphic members of the Koobi Fora Formation are units delimited by the positions of tuffs in a designated type section (Fig. 2) . The radioisotopic dating of the tuffs adds an informal age range to a member's definition (McDougall et al., 2012) . The base of the Okote Member is formally defined by the Okote Tuff (Brown and Feibel, 1986 ) that has an interpolated age of 1.56 Ma with an estimated uncertainty of~0.05 Myr . However, the top of the underlying KBS Member is defined by the Lower Koobi Fora Tuffdradioisotopically dated to 1.476 ± 0.013 Ma dbecause the Okote Tuff is not preserved within the outcrops of this member's type or reference sections (e.g., 102-11 and 103-1 in Fig. 6 of Brown and Feibel, 1986) . The Morte Tuff with a radioisotopic date of 1.510 ± 0.016 Ma provides a means to recognize the presence of Okote Member strata in Area 104 . These strata are about 0.034 Myr older than the Lower Koobi Fora Tuff and 0.050 Myr younger than the interpolated age of the Okote Tuff (Fig. 9) .
The boundary between the Burgi and KBS Members in Area 104 is also difficult to assess because of the absence of the KBS Tuff or a tuff with a chronostratigraphic position that is similar to the KBS. At the type section of the KBS Member in Area 102, the KBS Tuff lies approximately 48 m beneath the top of the Olduvai Subchron, which is in the KBS Member, and~40 m above the Lorenyang Tuff, which is in the Burgi Member (Brown and Feibel, 1986; Lepre and Kent, 2010) . The Lorenyang Tuff in Area 104 is anchored to its estimated age of 1.90 Ma that is derived from linear interpolation between the base of the Olduvai Subchron and the KBS Tuff (cf., Joordens et al., 2011) in the Area 102 type section (Fig. 9 ). At~5 m above the Lorenyang Tuff in Area 104, the stratigraphic position corresponding to the KBS Tuff's radioisotopic date of 1.869 Ma is conditionally placed, which allows for an inferred correlation for the top/base of the Burgi/KBS Member in Area 104 and facilitates a chronological correlation with the member-defining boundary in the Area 102 type section (Fig. 9) .
A2 [104] lies within the transitional zone for the OlduvaiMatuyama boundary, and thus is effectively dated at 1.78 Ma (Fig. 8) (Fig. 6) . These results are consistent with our magnetostratigraphic framework that shows reverse polarities for the White Tuff and the~40 m of sediment beneath this tuff ( Fig. 8 and Table 1 ). We interpret that the KNM-ER 3733 fossil was recovered from sediments carrying a reverse magnetic polarity indicative of the Thermal demagnetization steps 400 , 500 , 525 , and 550 C were used to isolate the ChRM direction (Dec, declination, and Inc, inclination, in bedding coordinates), and corresponding VGP latitude, positive for northern and negative for southern, using Principal Component Analysis over thermal treatments giving MAD, maximum angular deviation. Samples with MAD values larger than 15
indicative of lowerquality data were not used for magnetostratigraphic interpretations or Fisher statistics.
(C1r.2r) Matuyama Chron (Panel C in Figs. 3, 8 and 9) . Therefore, KNM-ER 3733 is younger than the top of the Olduvai Subchron, i.e., <1.78 Ma, but older than the Morte Tuff (1.51 Ma). Linear interpolation of sediment accumulation rates between these dated horizons resolves an age of 1.63 Ma for KNM-ER 3733 (Fig. 9) .
Several fossils have stratigraphic positions within 4 m beneath the base of A2 [104] (Figs. 4 and 8) and therefore also date tõ 1.78 Ma. These include (after Wood, 1974; Leakey and Leakey, 1978; Wood, 1991; Wood and Constantino, 2007) : KNM-ER 814 (vault fragments), KNM-ER 813 (talus), KNM-ER 812 (mandible fragment), KNM-ER1804 (mandible fragment), KNM-ER 3885 (isolated tooth), and KNM-ER 3886 (isolated tooth). These five fossils from Area 104 represent some of the best age-constrained hominins in the formation because they effectively are at the stratigraphic level of the Olduvai-Matuyama boundary dated to 1.78 Ma. Fig. 8 for stratigraphic position). Small (~0.1 g) chips from each sample were pressed into pellets using table salt and given an IRM in 2.5T, measured on the cryogenic magnetometer and then in progressively higher direct fields to 2.5T in the opposite direction. In these plots of IRM acquisition, the sample remanent coercivity (i.e., median value) is the intersection of the acquisition curve and null IRM. Lower panel (B) is linear acquisition plot (LAP; see Kruiver et al. (2001) for explanation of terms and methods) for a modeled mixture of two magnetic mineral components contributing to the IRM for sample 104-29. Dotted curve represents a lower coercivity synthetic component and the dashed curve represents a higher coercivity synthetic component. Solid curve is sum of the two components that best fit the 19 measurements shown by squares. These two components are consistent with magnetite (96% contribution to the total IRM) and hematite (4% contribution to the total IRM). Roebroeks, 2005; Wood, 2011; Lordkipanidze et al., 2013) . A traditional view is that this taxon originated in Africa and dispersed throughout the Old World sometime during the Early Pleistocene. Important evidence to support this view derives from Koobi Fora, as represented by a collection of fossils in varying degrees of completeness that date from 2.0 to 1.5 Ma. This collection can be portioned into two sets of fossils based on the observation that some specimens have a geological age of nearly 2.0 Ma, whereas others date much closer to 1.5 Ma. Previously, KNM-ER 3733 at 1.78 Ma was placed at a chronostratigraphic position intermediate to these two sets (e.g., Feibel et al., 1989; Ant on, 2003 Ant on, , 2012 and considered to be a direct contemporary of the oldest Homo fossils from out-of-Africa sites like Dmanisi and Java (e.g., Swisher et al., 1994; Gabunia et al., 2000) . However, our magnetostratigraphic Figure 6 . Vector end-point plots of NRM thermal demagnetization (TD) data for representative specimens (as labeled) from the Area 104 section (see Fig. 8 for stratigraphic positions). Open and closed symbols represent the vertical and horizontal projections, respectively, in bedding coordinates. TD treatment steps after NRM: 100 , 150 , 200 , 250 , 300 , 350 , 400 , 450 , 500 , 525 , 550 and 575 C. research now shows that KNM-ER 3733 at 1.63 Ma is better aligned with the geologically younger set of early H. erectus fossils from Koobi Fora, including partial crania KNM-ER 3883 and 42700, incomplete skeletons KNM-ER 1808 and 803, and mandible fragments KNM-ER 992, 820 and 730 (Wood, 1991; Ant on, 2003 Ant on, , 2012 Spoor et al., 2007; Wood and Baker, 2011; Leakey et al., 2012) . Dates for these Koobi Fora specimens fall into the range of 1.6-1.5 Ma (Feibel et al., 1989; Brown et al., 2006; McDougall et al., 2012) .
A geologically older set of fossils that includes KNM-ER 2598 and KNM-ER 3228 represents additional yet fragmentary evidence of Early Pleistocene African H. erectus (Wood, 1991 (Wood, , 2011 Ant on, 2003 Ant on, , 2012 . Some researchers also speculate that KNM-ER 3732 might hint at an early presence of this species (Ant on and Swisher, 2004) . However, analyses on this second set of fossils do not lend themselves to the interpretation that these fossils are all part of the early African H. erectus hypodigm. New fossils and analyses confirm the presence of two contemporary species of early Homo, in addition to H. erectus, in the Early Pleistocene of Koobi Fora, with one of these non-H. erectus species partially represented by KNM-ER 3732 (Leakey et al., 2012) . Similarly, KNM-ER 3228 might be interpreted better as a post-cranial element belonging to one of the non-H. erectus taxa (McHenry and Coffing, 2000) . Therefore, KNM-ER 2598 perhaps is the only one of these geologically older fossils that potentially represents the earliest first appearance of H. erectus in Africa or elsewhere (Wood, 1991; Ant on, 2003 Ant on, , 2012 . KNM-ER 2598 is an occipital fragment with a torus (Wood, 1991) . Some studies describe this as an autapomorphy of Pleistocene H. erectus from Africa and Asia (Rightmire, 1998; Ant on, 2003) . The stratigraphic position of KNM-ER 2598 has been placed at about 4 m below the KBS Tuff in Area 15 and thus has a geological age of just older than 1.87 Ma (Feibel et al., 1989; McDougall et al., 2012) . It thus predates by 200e300 kyr relatively complete H. erectus crania KNM-ER 3733, KNM-ER 3883, and KNM-ER 42700, which are geologically younger than several of the specimens from the oldest out-of-Africa sites at Dmanisi (Gabunia et al., 2000; Ferring et al., 2011) and Java (Swisher et al., 1994) . Therefore, from the perspective of fossil chronostratigraphy, KNM-ER 2598 might be the lone example providing support for the idea that H. erectus originated in and dispersed from Africa (Fig. 10) .
As intimated by Fig. 10 , there is a lack of H. erectus fossils from Koobi Fora spanning almost a 300-kyr interval between specimens dating to~1.9 Ma (e.g., KNM-ER 2598) and specimens dating tõ 1.6 Ma (e.g., . This perhaps represents a survey or taphonomic bias, or evidence of an evolutionary process causing initial low population densities at~1.9 Ma followed by a density increase at~1.6 Ma. Bobe and Leakey (2009) estimate the uncertainty associated with a hominin first appearance datum (FAD) by considering the abundance of a taxon once it appears in the fossil record, and the abundance and distribution of samples prior to that FAD. The timeframe that constrains the observable FAD of Homo in the Koobi Fora Formation dates to 2.0e1.5 Ma (Feibel et al., 1989; Wood, 1991; Leakey et al., 2012; McDougall et al., 2012) . Bobe and Leakey (2009) also point out that this FAD is biased by an unconformity; their estimates suggest that the Homo FAD for the Koobi Fora Formation might be at 3.0e2.5 Ma. Therefore, it is possible that African H. erectus appeared earlier than the FAD represented by KNM-ER 2598. The same can be said about the FAD for the out-of-Africa sites because of the vertically short stratigraphic records associated with the Homo fossils and lithic artifacts (Wood, 2011) . However, Acheulian tools may have been the Lower Paleolithic technology that was originated and used exclusively by H. erectus during the Early Pleistocene (Ant on, 2003). (after Tindall, 1985; Brown et al., 2006; McDougall and Brown, 2006; our study Tindall, 1985; Feibel et al., 1989; our Fig. 4 ) and the listing of these fossils in this figure is based on accession number. Center, our sample-mean ChRM directions for Area 104 expressed as VGP latitudedapproaching þ90 for normal polarity and À90 for reverse polaritydand interpreted as magnetostratigraphic polarity intervals (filled bar ¼ normal polarity, open bar ¼ reverse polarity, gray bar ¼ tentative reverse polarity). Question marks indicate apparent normal polarity indications that may reflect an overprint in samples from intervals (i.e., at 30e37 m and again at 44e50 m) dominated by sandy sediments, whereas most rejected samples (on account of poorly resolved data) come from a broad transition interval between the Olduvai and Matuyama (~18e24 m). See text for additional discussion of the reversal stratigraphy and placement of the Olduvai-Matuyama boundary. Right, Geomagnetic Polarity Time Scale (after Lourens et al., 2004) . Lepre et al. (2011) have demonstrated that the oldest Acheulian tools currently known date to 1.76 Ma and derive from the Kokiselei site in the western Turkana Basin. A similar date has been reported for the earliest Acheulian sites from the Konso Formation of Ethiopia (Beyene et al., 2013) . Therefore, if the Acheulian is indeed a proprietary hallmark of H. erectus, then nearby hand axes dated at 1.76 Ma help to fill the gap between KNM-ER 2598 and KNM-ER 3733, and might substantiate a somewhat continual presence of this species in northwest Kenya at 1.9e1.6 Ma.
Conclusions
In Area 104 the stratigraphic position of the Olduvai-Matuyama boundary (1.78 Ma) is virtually coincident with the level of marker bed A2 [104] . Magnetostratigraphic evidence and a paucity of member-defining tuffs indicate complexities for correlating the A2 [104] marker bed and other strata from Area 104 to the Koobi Fora Formation type section in Area 102 where the type occurrence of A2 (designated here as A2 [102]) crops out.
On the basis of similarities between mollusk-packed sandstones, bivalve molds, and algal horizons, Brown and Feibel (1986) and Feibel et al. (1989) correlated A2 [104] to A2 [102] . Note that it is not possible to walk and laterally follow A2 across the~10 km of landscape between the two areas because of the discontinuous outcrops. A2 [104] is within the interval of transitional paleomagnetic directions associated with the Olduvai-Matuyama boundary (Fig. 8) . This differs from the type section of the KBS Member where Lepre and Kent (2010) identified~18 m of reverse polarity section between the top of the Olduvai and the base of A2 [102] (Panel C in Fig. 3 ). The lack of evident faulting, the amplitude of erosive relief, fine grain sizes, and conformable layering for strata surrounding A2 [104] do not suggest the presence of an unconformity. Thus, A2
[102] and A2 [104] either accumulated diachronously between the two areas or are similar-looking beds that accumulated at distinctively different chronostratigraphic levels. In either case, A2 becomes a problematical marker level for litho-or chronoestratigraphic correlations across discontinuous outcrops and between the collecting areas of Koobi Fora. Gathogo and Brown (2006) expressed similar concerns. Extending A2 correlations across the basin to West Turkana (Roche et al., 2003) also should be met with caution.
The Area 104 magnetostratigraphy provides a means to calculate new and directly interpolated dates for the A2 [104] marker bed, White Tuff, and the hominin fossils KNM-ER 814, 813, 812, 1804, 3733, 3885, and 3886 . KNM-ER 3733 dates to 1.63 Ma and there is a dearth of H. erectus fossils from Koobi Fora that are geologically older. Several of the oldest Homo fossils from out-ofAfrica sites, such as those from Dmanisi and Java, predate most of the H. erectus fossils from Koobi Fora, except the fragmentary fossil KNM-ER 2598 that dates to >1.87 Ma. An almost 300-kyr gap of H. erectus fossils exists between Koobi Fora specimens dating to >1.87 Ma (e.g., KNM-ER 2598) and Koobi Fora specimens dating to 1.63 Ma (e.g., KNM-ER 3733). This gap may represent an artifact of evolutionary process or a preservation or collection bias. However, if the Acheulian is indeed a proprietary hallmark of H. erectus, then hand axes from the Kokiselei site dated at 1.76 Ma help to fill the gap between KNM-ER 2598 and KNM-ER 3733, and might substantiate a somewhat continual presence of this species in northwest Kenya at 1.9e1.6 Ma.
